Context: The relative importance of fitness and fatness with cardiometabolic risk factors is uncertain during the crucial developmental stage of late adolescence.
T he prevalence of all-cause mortality, cardiovascular disease (CVD), and type 2 diabetes among overweight adults is attenuated in individuals with a moderate-tohigh level of cardiorespiratory fitness (hereafter fitness), suggesting that fitness offers a degree of protection in overweight individuals (1, 2) . The fat but fit hypothesis as expressed by Blair et al. (3) stated that a moderate-tohigh level of fitness may attenuate or eliminate the risk of cardiovascular and metabolic disease, independent of body mass index (BMI). Obesity is a major health problem that affects children and adolescents. Adults who were overweight in childhood have a higher blood pressure (BP), fasting lipids and insulin levels, and increased risk of CVD, compared with adults who were not overweight as children (4) . Childhood and adolescence are crucial periods during which dynamic changes in various metabolic systems, including hormonal regulation, body fat content, and body fat distribution, occur during puberty and growth (5) . Similarly, lifestyle and healthy or unhealthy behaviors are established during adolescence, which may persist into adult life and influence later health status (6) . Understanding the influence of cardiorespiratory fitness on the development of obesity-associated cardiometabolic risk factors is important for developing strategies for the prevention of CVD in adulthood. Low levels of fitness and increased adiposity often occur in combination. However, the relative importance of fitness and fatness on cardiometabolic risk factors is unclear, particularly during adolescence.
Previous studies examining the effect of fitness and fatness on cardiometabolic risk factors in children and adolescents have used different methodologies and outcomes and have generally categorized fatness and fitness using arbitrary cut points, which can lead to the misclassification of individuals (7) (8) (9) (10) . Moreover, most studies have used BMI as a measure of fatness, which may have inherent limitations, as it does not take into account lean body mass, nor does it specify the degree of central adiposity, which has been linked to increased risks of metabolic disease (11) . In this regard, a measure of central obesity, such as waist circumference, may be more relevant. The aim of the present study was to examine cardiorespiratory fitness and fatness, as continuous variables, in relationship to cardiometabolic risk factors in a large population of from the Western Australian Pregnancy Cohort (Raine) Study at age 17 years. We hypothesized that fitness would either ameliorate or eliminate the adverse effects of fatness on a range of cardiometabolic risk factors and that the effects would be similar in boys and girls.
Methods

Participants
The Western Australian Pregnancy Cohort (Raine) Study is a prospective population study that recruited 2900 pregnant women between 16 and 20 weeks gestation from King Edward Memorial Hospital and closely located practices in Perth, Western Australia, from 1989 to 1992 (12) . The mothers gave birth to 2868 live infants. The offspring have been followed at 3-year intervals with a range of anthropometry measurements, BP, lifestyle and psychosocial factors, and detailed biochemistry related to cardiometabolic risk. Ethics approval for the 17-year assessments was obtained from the Human Research Ethics Committee at the University of Western Australia, Curtin University, and Princess Margaret Hospital. Written informed consent was obtained from the participant's parent and the participant. This analysis uses data from the 17-year follow-up of the offspring conducted from 2006 to 2008. The 17-year survey included participants with complete measures of BP, waist circumference, and fitness (n = 1128) or complete measures of blood biochemistry, waist circumference, and fitness (n = 963).
Anthropometry
Waist circumference was measured at the umbilicus level with a metal tape measure (to the nearest 0.1 cm). Obese individuals were identified as having a waist circumference .90th percentile as defined by the National Health and Nutritional Examination Survey (13) . Height was measured by a wall mounted stadiometer (to the nearest 0.1 cm), and body weight was measured using a Wedderburn chair scale (to the nearest 100 g) with participants dressed in light clothes. Individuals with a high BMI as defined by the Centers for Disease Control and Prevention growth charts were identified as having a BMI . 90th percentile (14) .
Cardiorespiratory fitness
Fitness was estimated from heart rate recordings during submaximal cycle ergometry using the physical work capacity (PWC) protocol (Monark cycle ergonometer). PWC 170 is the maximal steady-state power attained for a heart rate of 170 beats per minute on a cycle ergometer (15) . Participants cycled at an initial workload of 25 W and aimed to work at a rate of 50 to 60 rpm for 2 minutes each at two successively increasing but submaximal workloads of 25-W increments. PWC 170 was assessed by linear regression with extrapolation of the line of best fit to a heart rate of 170 beats per minute. Fitness was adjusted for body weight to normalize the effects of body size on workload output. To identify those with low, middle, and high fitness levels, participants were grouped into tertiles of fitness groups.
Biochemistry
Venous blood samples were taken after an overnight fast and analyzed in the PathWest Laboratory at Royal Perth Hospital for serum glucose, insulin, total cholesterol, triglycerides, highdensity lipoprotein cholesterol (HDL-C), and high-sensitivity Creactive protein (hs-CRP). Low-density lipoprotein cholesterol (LDL-C) was calculated using the Friedewald equation (16) . An adverse lipid profile as defined by the National Cholesterol Education Program Expert Panel on Cholesterol Levels in Children was identified as having triglycerides . 1.13 mmol/L, HDL-C , 1.04 mmol/L, and LDL-C . 3.36 mmol/L (17). The homeostasis model of assessment for insulin resistance (HOMA-IR) was calculated using the formula: fasting insulin (mU/mL) 3 fasting glucose (mmol/L)/22.5 (18) .
BP
Systolic BP and diastolic BP were measured using an oscillometric sphygmomanometer (Dinamap vital signs monitor 8100, Dinamap XL vital signs monitor, or Dinamap ProCare 100; GE Healthcare, Soma Technology, Bloomfield, CT) after resting in a supine position for 5 minutes and using the appropriate cuff size on the right arm. Six BP readings were obtained every 2 minutes, and the average BP was calculated using the last five readings. BP was recorded on a separate day to the PWC 170 assessment. Prehypertensive and hypertensive individuals were grouped together and defined as non-sex-specific systolic BP $ 90th percentile.
Demographic and sociobehavioral features
Sociobehavioral data were assessed via a computer-based questionnaire. Alcohol consumption included the type (beer, spirits, or wine) and amount (can, stubby, nip, glass, or standard drink) of alcoholic beverages consumed daily during the previous 7 days. Alcohol consumption was defined as the average number of standard drinks consumed per day, where one standard drink equates to 10 g of ethanol. A drinker was a consumer of alcohol at any level during the previous week. Smoking status was assessed from the number of cigarettes smoked each day during the previous 7 days. Oral contraceptive (OC) use in girls was defined by a yes or no answer to the question, "In the last 6 mo, have you taken any prescription medication(s) e.g. the Pill?" and "if yes, which medication(s), and are you still taking it?" Dietary data were collected from a validated 212-item food frequency questionnaire developed by the Commonwealth Scientific and Industrial Research Organization, Adelaide, SA, Australia. Two dietary patterns ("Western" and "Healthy") were identified using factor analysis (19) . Details of the methodology, including reliability and validity of this food frequency questionnaire, have been previously published (20 
Statistical analyses
Descriptive data were summarized by sex using means, geometric means, percentages, and 95% confidence intervals. Waist circumference was assessed as the fatness measure and PWC 170 as the fitness measure. These two measures were assessed as continuous variables to avoid the use of arbitrary cut points. Risk factors were assessed for normality and log transformed if substantial departures from normality were found. For the outcome of hs-CRP, values . 10 were excluded as being likely due to incidental illness. In view of the potential effect of OC use on BP and lipids, a three-level sex variable (females not using OC, females using OC, and males) was created to assess the effect of OC use in the final multivariable models. If no significant difference was detected between the two female groups, a two-level sex variable (females, males) was included. Potential confounding factors included alcohol use, smoking, dietary pattern, and family income. Associations with fatness and fitness were assessed using linear regression or Tobit regression if the outcome was censored at the lower limit of an assay (21) . Logistic regression was used examining the outcome of prehypertension and hypertension. Potential nonlinearity of associations was investigated initially by locally weighted estimated scatterplot smoothing plots and then using fractional polynomials. With the exception of Tobit regression, all models included a variance adjustment for siblings within a family. Maximum likelihood estimation was used to retain individuals with missing confounder data in the analysis, resulting in unbiased estimates when missing data were missing at random. Tobit regression models were adjusted for confounding variables but only for those participants with complete data on all confounders. We also investigated the interactions between sex and the effects of fatness or fitness on each cardiometabolic risk factor. Interactions were excluded from the model when P . 0.05. Initial models were adjusted for sex, and extended models were further adjusted for potential lifestyle confounders, unless Tobit regression was used. Standardized b coefficients for fatness and fitness were used to provide comparable measures of the effect size. b Coefficients were only provided for significant associations. Three-dimension surface plots were generated using SAS software v9.4 (SAS Institute, Cary, NC) for those models where both fitness and fatness were significant or where significant interactions with sex were detected. Stata MP version 13 (StataCorp, College Station, TX) was used for statistical analysis. All reported P values are two-tailed and significance was set at a = 0.05.
Results
Descriptive characteristics
At 17 years of age, compared with females, males were heavier, had a larger waist circumference, were fitter, and had higher systolic BP and mean blood glucose (P , 0.001) ( Table 1) . Mean BMI was similar between the sexes. Females had significantly higher mean cholesterol, HDL-C, LDL-C, insulin, hs-CRP, and diastolic BP than did males. Approximately 14% of females used OC, and 50% of participants consumed alcohol at any level within the previous week. A comparison of the 1131 study participants with data used in any of the analyses (i.e., with waist circumference and physical activity, and either BP or biochemistry) with those 1737 individuals who did not participate in the 17-year follow-up shows that those who did not participate were more likely to have a lower family income (46.3% vs 34.3%), a shorter gestational age (273.3 days vs 275.3 days), a shorter birth length (48.7 cm vs 49 cm), and lower birth weight (3256.8 g vs 3329.7g), but similar maternal weight and height at the 18th week of pregnancy (Supplemental Table 1 ). The original cohort was comprised of 88% whites, which is representative of the Western Australian population.
Independent associations between fatness and fitness with cardiometabolic risk factors
BP
In model 1 adjusting for sex and OC use, fatness was positively associated with systolic BP (coefficient, 0.19; P , 0.001) [ Fig. 1(a) ; Table 2 (Table 2 , model 2). Fatness was significantly associated with prehypertension/hypertension status in both sexes (odds ratio, 1.03; P = 0.001) (Supplemental Table 2 ), whereas fitness was not associated with prehypertension/hypertension status in either sex.
Fasting lipids
Fatness was inversely associated with HDL-C in both males and females (coefficient, 20.006; P , 0.001) [ Fig.  1(b) ; Table 3 and HDL-C will change by 20.07 mmol/L, whereas the fitness b coefficient of 0.15 indicates for a change of fitness of 1 standard deviation (0.6 W/kg), and HDL-C will change by 0.04 mmol/L. The differential association between fatness and fitness relative to HDL-C in males and females is illustrated in Fig. 1(b) . These findings did not change after the inclusion of potential confounders (Table 3 , model 2).
Fatness was positively associated with triglycerides (log coefficient, 0.009; P , 0.001; b coefficient, 0.24) (Table 3 , model 1) and LDL-C in both sexes (coefficient, 2 cm) , and triglycerides will change by 0.10 mmol/L and LDL-C by 0.06 mmol/L. These associations were not altered after the inclusion of potential confounders (Table 3 , model 2; Table 4 , model 2). Fitness was not associated with either triglycerides or LDL-C in unadjusted or adjusted analyses. Neither fatness nor fitness was significantly associated with cholesterol in both unadjusted and adjusted models (Table 4) , although fatness almost reached significance.
HOMA-IR and hs-CRP
Fatness was positively associated with HOMA-IR (log coefficient, 0.02; P , 0.001) after adjusting for sex [ Fig. 1(c) ; Table 5 These effects did not vary by sex. The differential associations between log HOMA-IR and fitness and fatness are illustrated in Fig. 1(c) . After further adjustment for lifestyle factors, these effects were unchanged (Table 5, confounders (Table 5 , model 2). Fitness was not associated with hs-CRP in either model.
Discussion
Our results have shown that the adverse effects of fatness, measured as waist circumference, are substantially greater than any beneficial effects of fitness, on a wider range of cardiometabolic risk factors, in this adolescent population. Fatness had a strong positive effect on systolic BP, triglycerides, LDL-C, HOMA-IR, and hs-CRP and was inversely associated with HDL-C. In contrast, fitness was inversely associated with diastolic BP, as well as HOMA-IR in both sexes, and was positively associated with HDL-C only in females. Although fitness attenuated the adverse effects of fatness on HOMA-IR and HDL-C, fatness had generally stronger effects on most cardiometabolic risk factors. The lack of an effect of fitness on systolic BP is unexpected but perhaps explained by the dominant effect of fatness. However, the inverse association between fitness and diastolic BP is relevant in view of the fact that diastolic BP may be more predictive of cardiovascular risk in younger individuals (22) . Possible mechanisms for the moderating effect of fitness on adiposity-related insulin resistance and dyslipidemia include increased muscle mass leading to improved insulin sensitivity and lipoprotein profiles, whereas reduced diastolic BP is likely to result from exercise/fitness-related adaptations of preresistance and resistance vessels (23) . Thus, our findings provide an alternative viewpoint of the "fat but fit" hypothesis at this critical age of development.
In view of the fact that adolescent activity-related behaviors and obesity track to adult life (24) and predict adult diabetes and coronary disease (25) , the significant positive effects of fitness, particularly on adiposityrelated insulin sensitivity, HDL-C, and diastolic BP, would be relevant to reducing the development of type 2 diabetes and hypertensive CVD (26) . Results from the Coronary Artery Risk Development in Young Adults study demonstrated increasing fitness during a 15-year period was associated with reduced risk for developing type 2 diabetes and the metabolic syndrome, but was not associated with hypertension or hypercholesterolemia (27) .
Previous studies examining the "fat but fit" hypothesis in pediatric populations have used diverse measures of fatness, differing categories of fitness and fatness groups, and different CVD risk scores determined from arbitrarily selected risk factors. For example, Jago et al. (28) examined quintiles of fitness (shuttle run tests) and fatness (BMI) separately for males and females, in United States children aged 12 years. They showed fatness had stronger associations with an adverse cardiovascular profile (28). Ondrak et al. (29) also reported that fatness (as percentage body fat using sum of skinfolds) was a stronger predictor of an adverse cardiometabolic risk score than fitness among a cohort of 1824 white and African youth (aged 8 to 10, 11 to 13, and 14 to16 years). A higher BMI level was associated with a greater risk of being hypertensive in both unfit and fit in 5464 males and 8093 females aged 15 to 20 years (30). The European Youth Heart Study showed that individuals within the "high fitness" group attenuated the negative consequences of total and central adiposity on BP in 873 children aged 9 to 10 years (31) and HOMA-IR and fasting insulin in 873 girls aged 9.6 years (32). Reports from the Aerobics Center Longitudinal Study cohort (8, 10) have examined associations between fitness and fatness on cardiovascular risk factors by categorizing adolescents using median split, tertiles, quartiles, or clinical cut points, separately for males and females. Overall the results show significant differences in cardiometabolic risk factors at the extremes of low vs high fitness or normal weight vs overweight/obese. Within BMI categories, the low-fit individuals exhibited a higher metabolic syndrome score, compared with the high-fit subjects.
Strengths of our study include the large populationbased sample within a narrow age band that has examined sex differences in postpubertal individuals. These analyses were conducted at 17 years of age when potential confounders such as smoking, drinking, and OC use were becoming established behaviors, and the multiplicative effects of these potentially confounding lifestyle factors could be accounted for. As BMI cannot differentiate between lean and fat mass, the use of waist circumference in our study may be a more discriminating index of central adiposity. Furthermore, central adiposity is suggested to better estimate a wide range of cardiometabolic risk factors in other pediatric populations (33, 34) . Fatness and fitness were analyzed as continuous variables, which overcomes arbitrary categories that may obscure relative effects of fatness and fitness on cardiovascular risk. Additionally, the potential misclassification bias of individuals into obesity and fitness groups is reduced, as cut points used to define these categories are derived from the study populations investigated. Cardiometabolic risk factors were examined as continuous and separate outcomes, which overcomes the limitation of using an arbitrary CVD risk score to express the clustering of main components of adult CVD, as no clear definition of the metabolic syndrome exists within the pediatric population. Limitations of our study include the crosssectional study design, which cannot infer causal relationships. The use of a submaximal exercise test may be a limitation, as it is less accurate than measuring the VO 2 maximum of an individual using a maximal exercise test. The latter is considered the gold standard, particularly at lower and higher levels of physical activity (35) . The use of a food frequency questionnaire to determine dietary habits has limitations such as underreporting, reporter bias due to confusion about serving sizes, and reliance on memory (36) . A further limitation may be some of the Neither fatness nor fitness was significantly associated with cholesterol in both unadjusted and adjusted models. Fatness was positively associated with LDL-C in both sexes (coefficient, 0.005; P = 0.007). This association was not altered after the inclusion of potential confounders. Fitness was not associated with LDL-C in unadjusted or adjusted analyses.
Abbreviations: CI, confidence interval; LDL-C, low density lipoprotein-cholesterol. relatively small regression coefficients. However, the fatness and fitness coefficients for HDL-C in particular are likely to be underestimates of true effects due to "regression dilution bias." The coefficients for HOMA-IR, systolic BP, and hs-CRP are more substantial and show the relative contribution of fatness and fitness to each cardiometabolic risk factor. Our findings have significance in view of the obesity epidemic and sedentary habits being established during childhood and adolescence. We have shown that fitness only partially ameliorated the adverse effects of adiposity on selected cardiometabolic risk factors, thus providing some support for the "fat but fit" hypothesis. Nevertheless, the importance of physical activity and fitness at this age should not be downplayed in view of their known contribution to prevention and management of obesity (37) , as well as the wide-ranging benefits of physical activity for physical and mental health over and beyond measures of cardiometabolic risk factors (38) (39) (40) . As fitness alone cannot completely reduce the adverse effects of central obesity, it is crucial that healthy eating patterns conducive to avoiding adiposity along with physical activity continue to be the two pillars of public health programs to reduce the risk of obesity-related comorbidities in adolescence and later life.
